The penetration of ' 4 C-labeled ethylene glycol, erythritol, mannitol, and sucrose was measured in giant axons of various diameters isolated from the hindmost stellar nerves of Doryteuthis plei squid. Axon diameter depends mainly on the age of the squid. The influx of 22 Na, some electrical properties, and the ultrastructure of the axolemma were also studied. The results confirm our previous observation that in medium sized axons of D. plei stimulation causes an increase in the permeability to the penetration of erythritol, mannitol, and sucrose. They also demonstrate that the magnitude of the increase in the penetration of these probing molecules diminishes progressively as the axon diameter increases. The diminution in permeability may be due to a reduction in size of the pathways used by nonelectrolytes to enter the axon. No effect of stimulation on the ethylene glycol permeability is observed. The sodium influx and electrical properties are independent of axon size. The ultrastructural study shows that the axolemma thickness increases with axon diameter. The present experiments indicate that the nonelectrolyte permeability of stimulated axons depends on nerve fiber properties related to axon diameter and on the size of the hydrophilic nonelectrolyte probe.
results could be due to variations in nerve fiber properties related to axon diameter. Since for all experiments the paired giant axons from the two hindmost stellar nerves of D. plei were used, the diameter of the axons depends mainly on the age of the squid.
The results of the present work indicated that the entry of nonelectrolytes into stimulated axons depends on nerve fiber properties related to axon diameter and on the size of the hydrophilic nonelectrolyte probe.
EXPERIMENTAL METHOD
Since the methods used to study the nonelectrolyte permeabilities, sodium influx, electrical properties, and ultrastructure have been already described (see references 1, 4, and 5), only an outline of the procedures is given in the following paragraphs. All experiments were carried out at 22-23 0 C.
General Procedure
Living squid, D. plei, of different sizes were used. The pair of giant axons from the two hindmost stellar nerves of the mantle were isolated in about 10 min. Most of the small fibers and endoneurium were removed during the isolation procedure. Immediately, the axons were equilibrated for 5 min in artificial seawater while the lengths and diameters were measured. The composition of the artificial seawater, in mmoles per liter, was as follows: NaCI, 442; KCI, 10; CaC1 2 , 11; MgCl2, 53; NaHCOa, 2.5 (6) .
Nonelectrolyte Permeability and Sodium Influx
The axon pairs were transferred to seawater baths containing either one of the 4C-labeled nonelectrolytes or 22 Na in order to measure the nonelectrolyte permeability and sodium influx. The baths containing radioactive nonelectrolytes were prepared by adding to artifical seawater one of the following 14C-labeled solutes: (a) 6.2 mmoles of ethylene glycol per liter, specific activity, 1.70 mCi per mmole; (b) 3.3 mmoles of erythritol per liter, specific activity, 3.00 mCi per mmole; (c) 4.7 or 18.0 mmoles of mannitol per liter, specific activities, 1.10 and 1.38 mCi per mmole, respectively; (d) 2.0 or 3.2 mmoles of sucrose per liter, specific activities, 3.02 and 3.09 mCi per mmole, respectively. The 22Na-labeled baths were prepared by adding 0.90-1.30 Ci of 22Na per ml.
Both axons of each pair were immersed in approximately 5 ml of the same radioactive bath for the same period in two separate holders, one axon at rest and the other stimulated at 5, 25, or 50 stimuli per sec (see Tables I-IV) . The holders had four platinum electrodes above the seawater level, two for stimulation and two for recording. A fifth platinum electrode immersed in the bath was used to ground the preparation. About 3 mm at both ends of the nerve fiber were placed on the electrodes and were kept wet with hanging drops of radioactive seawater. The time of immersion for each axon pair in the radioactive solutions was 3, 5, or 10 min. The axons were stimulated for 1 min less than the immersion period in the radioactive bath. At the end of the immersion period the fiber was taken out, soaked for about 15 or 30 sec in non-radioactive seawater, blotted with filter paper, cut 5 mm from one end, and the axoplasm extruded. The drop of extruded axoplasm was collected on filter paper, weighed, and finally transferred to a Tri-Carb glass flask for ' 4 C counting or to a glass test tube for 2 2 Na measurement. Due to the large ethylene glycol permeability of the axons, the values of this nonelectrolyte were corrected, taking into account the time of soaking in the nonradioactive seawater. The results for the nonelectrolytes are expressed in permeability units of cm/sec and for sodium in moles/cm 2 . sec. The values are given as mean 4 SEM.
Electrical Potentials
In order to measure the electrical potential differences across the axolemma, at rest and during the action potential, conventional intracellular recording procedures were used (5). The maximum rates of rise and fall of membrane voltage during the action potential were simultaneously measured by electrical differentiation using the method of Hodgkin and Katz (6) . The time constant of the condenser and resistance used for differentiating was about 13 /Asec.
Ultrastructure
In order to study the axon membrane ultrastructure, the nerve fibers were fixed by immersion in an ice-cold, veronal-buffered, OsO4 solution in artificial seawater at pH 7.9. After 1 hr fixation the samples were dehydrated in a series of acetone solutions and then embedded in Epon 812. Ultrathin sections were doubly stained with uranyl acetate and lead citrate and examined in a Siemens Elmiskop 1 A electron microscope, at a magnification of 70,000, tested each time with a carbon grating replica (54,800 lines/inch) and a resolution of 4 A, measured by the point-to-point separation method. Measurements of the axolemma thickness on the electron micrograph negative plates were made with a Nikon (Nippon Kogaku KK, Tokyo,Japan) profile projector, model 6 C. A total of 27 measurements of the axolemma obtained from 6 to 13 different electron micrographs was made for each axon. Only those regions of the axolemma showing a clear and definite three-layered pattern were measured, in order to avoid the uncertainties in thickness caused by tangential sections of the membrane. The thickness of the leaflets forming the three-layered pattern of the axolemma was measured separately.
RESULTS AND DISCUSSION

Nonelectrolyte Permeabilities
93 pairs of nerve fibers were utilized for the determination of permeabilities of resting and stimulated giant axons of different diameters to the penetration of ethylene glycol, erythritol, mannitol, and sucrose. Table I summarizes the results of the experiments with ethylene glycol. It is seen that the entry of this nonelectrolyte is independent of axon diameter and is the same in resting and stimulated axons. A slight increase of permeability during activity was previously observed in paired axons, taking into consideration the frequency of stimulation (7) . However, as shown in Table I, there is no difference when the permeability values of groups of axons are considered.
Tables II-IV and Figs. 1-3 show the results of the erythritol, mannitol, and sucrose experiments. They indicate that the resting permeabilities are independent of axon diameter and are increased by stimulation in medium sized axons,' the magnitude of the increment diminishing progressively as the axon diameter increases. The increased nonelectrolyte flux during a period of activity may actually be due to other factors than a permeability change. For example, increased solvent or electrolyte drag might improve the stirring of the compartment outside the axolemma or increase the transport through unaltered nonelectrolyte pores. In this paper, however, the increase in flux is assumed to be due to an increase in permeability. It is further assumed that nonelectrolyte permeability increases for 1 msec per impulse. Under these assumptions the permeabilities during activity of medium sized axons, expressed as 10-7 cm/sec, are 76 for erythritol, 79 for mannitol, and 42 for sucrose. The corresponding resting permeabilities in the same units are 1.6 for erythritol, 1. 1 for mannitol, and 0.9 for sucrose. It should be noticed that the permeability measured in stimulated axons may be an apparent permeability coefficient because of the coexistence of other fluxes (ions and water) that can affect the entrance of the nonelectrolytes.
1 Control experiments carried out with erythritol in 12 pairs of medium sized axons have shown that the ratio of the permeabilities of paired resting axons is 1.0 4 0.1 (mean t SEM) and that of the increased permeabilities in paired stimulated axons is 0.97 4 0.08. These ratios indicate that the resting permeability is the same in both axons of the pairs and that the increase in permeability caused by stimulation is the same in both axons of a pair. Evidence has also been presented which indicates that the change in permeability observed in stimulated axons is reversible and not due to a permanent alteration of the axolemma structure (1). It has been shown by paper radiochromatography that these 1 4 C-labeled nonelectrolyte molecules remain unaltered after passing the transneural barriers of the resting and stimulated nerve fibers.
It may be observed from the lines representing the logarithm of the permeability during activity as a function of axon diameter (Figs. 1-3) , that erythritol, mannitol, and sucrose permeabilities also depend on the size of the corresponding nonelectrolyte molecule. The slopes of these lines, in 102 cm-', are 2.2 for erythritol, 2.9 for mannitol, and 3.6 for sucrose. The ratios between these slopes are similar to those between the molecular radii of erythritol, mannitol, and sucrose. The radii of these molecules, as obtained from constructed molecular models, are 3.1, 4.0, and 4.5 A, respectively. It should be noted also that the lines representing the permeabilities during activity intersect with those of the resting permeabilities at axon diameters of about 410 i for erythritol, 390 u for mannitol, and 350 /z for sucrose.
The decline with axon diameter of the permeabilities during activity could be due to a progressive reduction in the size of the pathways used by the nonelectrolytes to move through the axolemma. On the other hand, the different slopes and intersections of the lines for erythritol, mannitol, and sucrose should depend on the fact that a narrow pathway has different effective areas according to the size of the probing molecule. 
Sodium Influx
10 pairs of nerve fibers were utilized for measurements of sodium influx in resting and stimulated axons. There is no apparent relationship between sodium influx and axon diameter. The values of the influx in resting and stimulated axons of different diameters were similar to those previously reported (1).
The average sodium influx at rest is 148 : 11 pmoles/cm2 . sec. It should be in Fig. 4 . The sodium influx per impulse is about equal to that found in other squid species (11). Each value shown in Fig. 4 for the influx per impulse was calculated by subtracting the value for the stimulated axon from that of the paired resting axon and then dividing the net increase by the frequency of stimulation.
Electrical Potentials
14 nerve fibers were utilized to investigate the possibility of a relationship between the electrical potential differences across the axolemma at rest or during · VOLUME 57
FIGURE 1. Permeability to the penetration of erythritol at rest (R) and during activity (A), represented as functions of axon diameter. Each value corresponds to the mean -f-1 SEM of the permeability and axon diameter. The data in Table II were grouped according to intervals of 50 u in axon diameter. Temperature, 21-23 0 C. FIGURE 2. Permeability to the penetration of mannitol at rest (R) and during activity (A), represented as functions of axon diameter. Each value corresponds to the mean 1 SEM of the permeability and axon diameter. The data in Table III were grouped according to intervals of 50 in axon diameter. Temperature, 21-23 0 C. FIGURE 3. Permeability to the penetration of sucrose at rest (R) and during activity (A), represented as functions of axon diameter. Each value corresponds to the mean _ 1 SEM of the permeability and axon diameter. The data in Table IV were grouped according to intervals of 50 A in axon diameter. Temperature, 21-23 0 C. the action potential and the axon diameter. Simultaneous determinations of the rates of membrane potential change during the rise and fall of the action potential were also made. As shown in Figs. 5 and 6 , the values were found to be independent of axon diameter.
Axolemma Ultrastructure
The electron microscopic study of the axolemma reveals that this membrane presents, in addition to the regions of the three-layered pattern considered characteristic of plasma membranes, certain zones formed by globular repeating units (4) . The three-layered substructure is formed by a clear middle layer bordered by two dark layers. In the axolemma, as in most of the plasma membranes (12), the inner dark layer is thicker than the outer layer. Furthermore, local thickenings of the dark layer at the axoplasmic side, rather regularly spaced along the axolemma, are observed. The axolemma thickness, taken as an index of variation in membrane structure, was measured in 19 nerve fibers. As shown in Fig. 7 , it increases exponentially from about 93 to 104 A for axons augmenting from 200 to more than 400 /t in diameter. As shown in Fig. 8 , independent measurements of the three membrane leaflets indicate that the differences in total thickness appear to be due to variations in the outer and inner dark layers of the axolemma. Fig. 9 shows electron micrographs of the axon-Schwann cell boundary in giant axons with diameters between 228 and 430 ,u. They show that the axolemma of large axons displays an over-all increase in electron density as compared to that of the axolemma of small axons and Schwann cell plasma membranes. Histochemical reactions for demonstrating polysaccharides by electron microscopy have also shown that the accumulation of positive material at the axolemma external surface (axon-Schwann cell space), Schwan cell channels, and basement membrane is more pronounced around axons with diameters of about 400 u than in those of approximately 200 /i (see reference 4).
These results indicate that the increase in axon diameter is accompanied by changes in the axolemma and the extracellular material. Although these changes may not be directly related to the modifications of the nonelectrolyte permeabilities, they suggest that the variations in the entry of the nonelectrolytes could be due to a structural change in the nerve fibers.
Nonelectrolyte Permeability, Diffusion Barriers, and Axon Diameter
The main barriers at the surface of a nerve fiber of the squid, D. plei, are formed by (a) the axolemma which may be operationally described as a mem- The restriction offered by each barrier to the passage of a nonelectrolyte depends critically on the ratio of the area for diffusion to the length of the pathways crossing the barrier and on the size of the probing molecule. Thus, the restriction to the passage of the molecules offered by the channels crossing the Schwann cell layer is mainly due to their length, and that offered by the pores in the axolemma, to their small radius (13) .
If a molecule present in the bathing medium has to penetrate inside the axon, it must pass through the periaxonal layers and the axolemma. Therefore, its rate of penetration will depend on the relative permeabilities of these barriers. In order to estimate the role played by each barrier during activity, it can be assumed that the permeability of the periaxonal layers remains constant and only that of the axolemma changes. Thus, if during activity the restriction to the passage of a given molecule at the axolemma is much less than that at the Schwann layer, the apparent transneural permeability during activity could be close to that of the Schwann cell layer.
Using the values of the effective areas for diffusion per unit path length for the Schwann cell layer and the axolemma, respectively, that can be calculated according to the size of the probing molecule (see reference 13), it may be estimated that in medium sized axons stimulated 100 times per sec (changes at the axolemma during 10% of the time), the increase in transneural permeability for hydrophilic molecules with radii of the order of 2 A should be less than 1.2 times the resting transneural permeability. This increase might be masked by the experimental errors. This conclusion is compatible with the results obtained with ethylene glycol, which has a radius of 2.2 A.
As the radius of the nonelectrolyte molecule increases to 3 A or more,3 the restriction at the axolemma to the penetration of the molecule becomes important. Thus, a change at this barrier during activity will produce a significant increase in the apparent transneural permeability. This could be the case with erythritol, mannitol, and sucrose in medium sized axons. On the other hand, the results obtained with the same molecules in large axons indicate that when the size of the axon increases there is a diminution of the increment in permeability caused by stimulation. Since the ultrastructural studies have shown that the increase in axon diameter is accompanied by changes in the axolemma and periaxonal constituents, it might be suggested, following Mullins (2) , that differences in permeability between stimulated axons of various diameters could be due to slight differences in the structure of the pathways or pores used by the nonelectrolytes to cross the axolemma during activity.
Thus, the increase in nonelectrolyte permeability caused by stimulation will depend on two main factors: nerve fiber properties related to axon diameter and size of the hydrophilic nonelectrolyte probe. To date, the increase has been observed using hydrophilic nonelectrolytes with 3-4.5 A radius and axons of about 300 diameter. In the squid, D. plei, axons of these sizes correspond to young animals. It should be noted that our results in large axons are in agreement with those obtained in large axons of other squid species by Hodgkin and Martin (cited in reference 1), Mullins (2) , and Hidalgo and Latorre (3).
APPENDIX I
Nonelectrolyte-Sodium Coupling and Uncoupling
Erythritol experiments previously reported have shown that the nonelectrolyte permeability increase caused by stimulation in medium sized axons depends on external sodium concentration (1). We suggested (see reference 1) that this may be due (a) to a drag effect (coupling) on the nonelectrolyte molecules of the sodium ions which enter the axon during activity, since sodium influx also depends on the external sodium concentration, or (b) to independent effects of the sodium concentration on sodium influx and the nonelectrolyte pathways. The nonelectrolyte-sodium relationship is only apparent in stimulated axons, since experiments carried out in resting axons indicated that when the external sodium concentration is diminished, the erythritol penetration remains unchanged and the sodium influx decreases. Those results are summarized in Fig. 10 . The data are taken from Tables V and VI of reference 1.
Since the increase in erythritol, mannitol, and sucrose permeabilities during activity gradually declines with increasing axon diameter and the extra sodium influx remains unchanged, we propose that if the drag effect exists, it is somehow dependent on axon diameter.
The proposed drag effect or coupling can be described by the following equations, if a linear relationship is assumed between the forces and the fluxes of sodium, J,, and the nonelectrolyte, J,: Jn = L..Xn + L.eXe; Je = LnX + LeeX., in which X. and Xe are the driving forces of the nonelectrolyte and the electrolyte' respectively; Ln. and Lee are the direct coefficients, and Lne and Len are the respective cross-coefficients.
As a first approximation, it may be considered that at the nonelectrolyte concentrations used in our experiments, L,X,, is very much less than LeeXe . Solving for J,, the following relation is obtained Since the nonelectrolyte penetration during activity approaches the resting value when the sodium concentration in the medium approaches zero, this may be considered to indicate that LnnXn represents the resting value of the nonelectrolyte penetration. Therefore, (Ln,/Le,)J, should represent the nonelectrolyte entry due to the coupling between sodium and nonelectrolyte. In the resting axon this latter term is negligible, as follows from the experiments in which nonelectrolyte permeability was measured in medium sized axons at rest at different external sodium concentrations. The direct coefficient, Le,, does not appear to be a function of axon diameter, no relationship having been observed between electrical parameters and nerve diameter. Therefore the decline in nonelectrolyte permeability during activity with axon diameter should be due to changes in the cross-coefficient, Lue.
The nonelectrolyte-sodium coupling could be mediated by water movement. In such case the equations should be extended to include the water fluxes.
The coupling, previously proposed to explain the results in medium sized axons (see reference 1), does not imply that ions and molecules move through the same pathways; i.e., a transient osmotic gradient produced by the influx of sodium during activity could drag nonelectrolytes and water by the same and/or by different routes. It would be extremely interesting to demonstrate that nonelectrolytes can pass through ionic channels.
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